Abstract: Almond (Prunus dulcis L.) seedlings were exposed to 0, 25, 50, 100 and 150 µM of CdCl2 in a solution culture under controlled conditions. The effects of cadmium (Cd) exposure on almond seedlings growth, stomatal architecture, gas exchange and physiological parameters were investigated. Under cadmium stress conditions, significant decrease in fresh and dry weight, length of shoot and chlorophyll content were observed. Stomatal conductance, transpiration and net photosynthetic rates were generally depressed by Cd stress, despite stomatal frequency values and stomatal pore size remained unchanged. Exposure to Cd severely restricted the starch content and increased soluble sugars.
Introduction
Increasing soils pollution caused by heavy metals, due to agricultural and industrial activities, is becoming a serious environmental problem in the world (Nedelkoska & Doran 2000) . Of heavy metals, cadmium (Cd) is an important environmental contaminant (Clemens 2006) . Plants are directly affected by Cd because it has been accumulated in soils for many decades (Daud et al. 2009 ). Consequently, it can enter into a plant very rapidly accumulating in roots and translocated to the upper parts of the plant (Sanita di Toppi & Gabbrielli 1999) . Cadmium has no known biological function and is extremely toxic, even at low concentration. The phytotoxic effects of Cd could probably be a consequence of its interference with a number of metabolic processes (Lin et al. 2007; Daud et al. 2009 ). Cd stress generally reduces plants growth (Ci et al. 2010) . This may be due to a reduction of cell wall elasticity, cell water content (Daud et al. 2009 ) and malfunctioning of plasma membrane (Romero-Puetras 2002) . In this condition the stress, Cd adapted plant cells exhibit a number of physiological changes including vacuolar compartmentalisation of ions (Gratão et al. 2005) , Cd sequestration by specific molecules such as phytochelatins (Sun et al. 2007) , considerable osmotic adjustment which involves accumulation of ions and organic solutes (Chai et al. 2012 ) and higher activity of antioxidant enzymes (Irfan et al. 2013 ). Inhibition of photosynthesis by high Cd concentrations is well documented ). Changes in carbohydrate and sugar contents could be associated with osmotic regulation of guard cells that control stomatal movement (Costa & Spitz 1997) . Likewise, carbohydrate accumulation or inhibitions have been directly correlated with modifications of photosynthetic processes. Cadmium stress could be equally manifested as amino acid catabolism, via protein degradation, resulting from a reduction of plant development.
The purpose of the present study was to evaluate the effects of Cd on the growth, some physiological parameters as well as on photosynthetic performance of almond seedlings.
Material and methods
Seeds of Prunus dulcis were germinated on wet filter paper, for 15-20 days at 4
• C. Following their germination, seedlings were transferred to an aerated hydroponic culture based on Long Ashton's medium. Seedlings were maintained in a controlled growth chamber at a temperature 22/26
• C of day/night, at 16/8 h photoperiod with a photosynthetic photon flux density of approximate 300 µmol m −2 s −1 . After pre-culturing for 2 weeks, the seedlings were exposed to 0, 25, 50, 100 and 150 µM CdCl2 for 2 weeks. The photosynthetic parameters, net photosynthetic rate (Pn) and transpiration rate (E) of P. dulcis were measured on fully expanded leaves with a potable infrared gas analyzer (CID 301 PS, USA). Light was 1600 mmol m −2 s −1 PPFD and CO2 was maintained at 380 mmol mol −1 . Stomatal conductance rate was evaluated by a portable porometer (Steady State Porometer model MK III, DELTA -T DEVICES).
After extraction with DMF, total Chl, Chl a and b were measured spectrophotometrically (Spectrophotometer U-2000 HITACHI) in the extracts at 470 and 647 nm, respectively, as described by Moran & Porath (1980) .
To determine stomatal density on the abaxial leaf surface, a thin layer of clear nail polish (Eyeslipsface) was applied to the abaxial epidermis. Once dry after half an hour in the open, the nail polish layer was carefully peeled-off with adhesive tape, and then fixed on the surface of a microscope slide (Jones 1983) . Observations were conducted using the Windias software and a microscope type Leitz DIALUX 22 EB with the enlargement 250 times. Soluble sugars and starch in the ground leaves were analysed according to the procedure of Mc Cready et al. (1950) and Staub (1963) .
Statistical analysis (ANOVA) was performed with SAS (Statistical Analysis System, Version 6.12) and comparisons of means with the Duncan multiple range test and the Waller-Duncan-K-ratio t-test.
Results
In this study, P. dulcis plants were treated with increasing concentrations of Cd (0, 25, 50, 100 and 150 µM Cd in the nutrient solution) and after 14 days of treatment shoot length, plant fresh and dry weight per plant were measured. In the present study significant reduction in different parameters like length of shoot, fresh and dried matter yield, indicated that Cd treatment produced toxic effects within 14 days of growth at 50, 100 and 150 µM level of Cd (Table 1) . However, the lower cadmium treatment (25 µM Cd) did not significantly reduce length of shoot, fresh and dried matter yield; significant decreases were only observed at the highest concentrations of 50, 100 and 150 µM Cd (P < 0.05). Likewise, photosynthetic pigments (Chl a, Chl b and total Chl) decreased with the increasing Cd concentrations in the nutrient solution (Table 1) . It was noted that maximum significant reduction occurred with 150 µM Cd. The decrease in Chl a, Chl b and total Chl content was 49.52%, 67% and 56% at 150 µM Cd, respectively, in comparison to control. The reduction in Chl b content was higher than Chl a. Therefore, the ratio of Chl a to Chl b was higher at higher Cd concentration. The Chl a/b ratio was 2.5 at 150 µM Cd in comparison to control where it was only 1.63 (Table 1) .
Photosynthetic characteristics (net photosynthetic rate, Pn; stomatal conductance, Gs and transpiration rate, E) were significantly reduced by increasing concentration of Cd in the nutrient solution (Fig. 1) . Net photosynthetic rate (Pn) showed a decreased trend with increase in Cd supply. Furthermore, at 150 µM Cd treatment the level of Pn decreased by 80% compared with control. At the same treatment (150 µM Cd), Gs and E, decreased by 73.9% and 53%, respectively, compared with control.
To find out if exposure to cadmium affected functional leaf properties, we determined leaf area, stomatal density and length (Fig. 2) . Leaf area decreased gradually with further increase of Cd concentrations in the solution. When P. dulcis was treated with 150 µM Cd, the leaf area was decreased by 42% compared with the control (Fig. 2) . However, the number of stomata per unit leaf area and length of stomata remained unchanged under Cd treatment (Fig. 2) .
The strong reduction of the net photosynthetic rate (Pn) at Cd treatment was accompanied by an increase of leaf soluble sugar and a decrease of starch contents (Fig. 3) . The lowest and the highest Cd concentration induced a decrease by 18.4 and 68.4% of leaf starch concentrations, respectively.
Discussion
Growth reduction was used as indicators of heavy metal toxicity in plants (Baker & Walker 1989) . Present results showed a significant reduction in different parameters like fresh and dried matter and length of shoot indicating that Cd treatment produced toxic effects within 14 days of growth at 50, 100 and 150 µM level of Cd (Table 1) . For example, at 150 µM Cd there was almost 45% decrease of shoot length. Our results are consistent with those of Ge et al. (2012) in poplar cultivars under Cd stress, Domínguez et al. (2009) in oak seedlings treated with Cd and those of Wu et al. (2010) in poplar plants under cadmium stress. They all noted that the obvious restriction of growth occurred in the fresh and dry weight of roots and aerial parts of stressed plants. Marmiroli et al. (2013) showed Fig. 1 . Effects of cadmium supply on net photosynthesis, stomatal conductance and transpiration rate of almond seedlings after 14 days of exposure. Means with different letters indicate a significant difference at P ≤ 0.01 using Duncan multiple range test.
that the most common response of the poplar clones to the presence of Cd was a marked reduction in main root elongation. Under these conditions, roots were the first organ in contact with the metal element appeared to be heavily affected by their toxicity (Shah et al. 2011 ). This effect may be due impairment of uptake and translocation of nutrients and water into plant organs.
A decrease in chlorophyll concentration is the primary bioindicator of Cd phytotoxicity which induced an inhibition of metabolic enzymes, such as δ-aminolevulinic acid synthase and δ-aminolevulinic acid dehydratase, in the chlorophyll biosynthesis pathways (Xu et al. 2013) . Leaf chlorosis has been demonstrated to be one of the firstly and typical visible symptoms of Cd toxicity (Das et al. 1997) . In the present study, chlorophyll concentration of almond seedlings decreased significantly with an increase in Cd concentration. Chl concentration was also strongly reduced in Phyllanthus amarus (Rai et al. 2005) , Brassica juncea (Mobin & Khan 2007) , Lycopersicon esculentum (López-Millán et al. 2009 ), Artemisia annua and Lactuca sativa (Dias et al. 2013 ) exposed to Cd. The reduction in chlorophyll concentration in the stressed leaves could be due to structural alterations in chloroplasts involved disorganization of the thylakoid system and stroma chloroplast damage (Gratão et al. 2009 ). However, Sandalio et al. (2001) attributed the decrease in Chl contents in stressed leaves to the inhibition of chlorophyll biosynthesis or increased chlorophyll degradation. Greater sensitivity of chlorophyll b, as observed in this study, has been reported in other studies also (Mobin & Khan 2007; Gill et al. 2012) . Chl a is presumed to be degraded to phaeophytin, whereas chlorophyll b molecule loses its phytol group (Rao & Le Blanc 1966) .
Our study clearly illustrated that photosynthetic activity abruptly declined with increasing Cd concentrations. With increasing Cd concentration, the Pn decreased significantly in P. dulcis and this may be partly Fig. 2 . Effects of cadmium supply on leaf area, stomatal density and stomatal length in leaves surface of almond seedlings after 14 days of exposure. Means with different letters indicate a significant difference at P ≤ 0.01 using Duncan multiple range test.
due to the decreased chlorophyll content. Moreover, the decrease in stomatal conductance (Gs) due to Cd and a parallel decrease in transpiration rate (E) imply the implication of stomatal limitations. These findings are in conformity with other studies like Shi & Cai (2008) in Arachis hypogaea plants and Gill et al. (2012) in Lepidium sativum plants. The restriction on the rate of photosynthesis could be a consequence of a reduction in growth with decrease in leaf area (Table 1) . The reduction in the rate of photosynthesis indicates that in addition to depressed growth, the heavy metal impedes the photosynthetic activity by directly interfering in the process of photosynthesis. Previous studies have shown that the decrease in stomatal conductance is a common response to heavy metals stress (Ying et al. 2010; Gajewska et al. 2013) . The reduction may be attributed to the reduced stomatal pore size, induced lower CO 2 assimilation and lowered photosynthetic rate under the condition of stress (Ali et al. 1999) . Photosynthesis is, in fact, one of the foremost processes to be affected by Cd treatment (Wang et al. 2009 ). The decline in photosynthesis can be attributed to low stomatal conductance as was observed in Acer leaves, which have small stomatal apertures (Jensen & Kozlowski 1975) . The rate of photosynthesis may also be affected by damage to the electron transport system (Ishibashi et al. 1997) , or by a decrease in PEP activity and concentration as a result of hydrolysis and mobilisation from leaves (Joshi et al. 1993) .
The decrease of photosynthesis, stomatal conductance and transpiration rates, could also be ascribed to the abnormality of stomata, such as less stoma density, stomatal closure and high stomatal resistance. Cornic (2000) showed that stomatal limitation reduce both Pn and Ci. Vitoria et al. (2003) reported that exposure of radish seedlings to Cd induced stomatal closure. In our study, the inhibitory effect of Cd was even more evident by comparing foliar area of treated and control leaves at the higher cadmium levels. However, the number of stomata and length of stomata remained unchanged under Cd treatment. Shi & Cai (2009) reported that exposure of Arachis hypogaea to different heavy metal treatments induced a marked differences in the stomatal characteristics. Increased Cd concentration in soil caused an increase in stomatal density of lower epidermis. A similar result was found in plants treated with Cu. However, for Zn treatments, this parameter increased initially, and then declined at 800 mg kg −1 Zn treatment. Moreover, Baryla et al. (2001) noted that in the presence of 100 mg kg −1 Cd reduced stomatal den- sity in oil seed rape by more than 40% compared to the control. Starch and soluble sugars accumulation in leaves were also used as endpoints to assess cadmium toxicity (Rosa et al. 2009 ). Carbohydrates synthesized are the principal end products of photosynthesis and are highly sensitive to heavy metals (Rosa et al. 2009 ). Moreover, Rolland et al. (2006) showed the role of sugars as stress sensors and key players in metabolism and homeostasis regulation. In our study, accumulation of soluble sugars and a decrease of starch contents in leaves were enhanced by Cd. Under stress conditions, soluble sugar accumulation can act as osmolyte to maintain leaf cell turgor (Rolland et al. 2006) . The decreased activity of Rubisco is often correlated with sugars accumulation in leaves (Krapp & Stitt 1995) . Linger et al. (2005) showed that the accumulation of sugars in the leaves and chloroplasts would generate a considerably downregulation of photosynthesis.
In conclusion, exposure to Cd inhibits net photosynthetic (Pn), stomatal conductance (Gs) and transpiration rates (E) and decreases starch, pigment contents and growth. There were not clear effects of Cd on stomatal density or stomatal length in our experiment. The restriction of Pn by Cd results from the reductions in growth, E, Gs and Chl concentrations.
